In this paper, we explore the observational evidence for a collisional origin for the recently discovered dark matter (DM)-free ultra-diffuse galaxies observed in the NGC 1052 group. We have computed the timescales for infall to the central nucleus due to dynamical friction (DF) for the globular clusters (GCs) in NGC 1052-DF2 and NGC 1052-DF4. We find that two out of ten GCs in NGC 1052-DF2 and one out of seven in NGC 1052-DF4 have DF timescales less than a Hubble time. We explore the possibility that this could be evidence for recent galaxy-galaxy interactions, that both stripped NGC 1052-DF2/NGC 1052-DF4 of their DM halos and either fundamentally altered the orbits of their GCs or triggered their formation. Our results are more consistent with the former scenario, pushing most GCs on to highly eccentric orbits and/or delivering them deeper in their host galactic potential, triggering significant collisional evolution. If correct, these would be the first GC populations discovered to have undergone significant collisional evolution after their initial formation, ejecting preferentially low-mass GCs and perhaps even resulting in some GC-GC collisions, contributing to the observed top-heavy GC mass functions and centrally concentrated positions.
INTRODUCTION
Recently, Van Dokkum et al. (2018a) reported the discovery of a dark matter (DM)-free galaxy, namely the ultra-diffuse galaxy NGC 1052-DF2. This galaxy is one of 23 objects identified in the group NGC 1052 using the Dragonfly Telescope Array (Abraham & van Dokkum 2014; Behroozi, Wechsler & Conroy 2013) , and subsequently followed up using the ACS on the Hubble Space Telescope (HST) (Cohen et al. 2018) . The authors used the radial velocities of ten globular clusters (GCs) orbiting within the potential of this galaxy to constrain its velocity dispersion to be ∼ 10 km s −1 (Van Dokkum et al. 2018b ). They report a total luminous mass of 2 × 10 8 M and, from its velocity dispersion, a total mass (seen and unseen) of 3.4 × 10 8 M . This implies a ratio for M halo /Mstars of order unity, where Mstars is the total stellar mass and M halo is the total galaxy mass including the DM halo. Thus, the observations are consistent with there being no DM in this galaxy, since this ratio is typically at least a factor of ∼ 400 higher (Behroozi, Wechsler & Conroy 2013 ). E-mail: nleigh@amnh.org (NWCL) The authors infer from this that DM is not always coupled to baryonic matter on galactic scales.
In a subsequent paper, a second DM-free galaxy was reported. NGC 1052-DF4 is a low surface brightness galaxy in the same group, identified by Van Dokkum et al. (2019) . The authors infer a total enclosed mass within 7 kpc of 0.4 +1.2 −0.3 × 10 8 M , and a total stellar mass of (1.5 ± 0.4) × 10 8 M within the same enclosed radius. They conclude that this galaxy is consistent with having no DM. As with NGC 1052-DF2, this galaxy hosts an unusually bright population of GCs, but more extended than NGC 1052-DF2.
How might a DM-free galaxy form? One possibility relies on impulsive heating mediated by tidal forces. This can in principle alter a rotationally-supported disk of stars and gas into a spheroidal structure. Often termed tidal stripping or shocking (e.g. Gnedin, Hernquist & Ostriker 1999; Mayer et al. 2007 ), this mechanism may require an additional process to fully deplete the new spheroid of its gas (e.g. Mac Low & Ferrara 1999) . More recently, D'Onghia et al. (2009) considered direct interactions between dwarf disk galaxies and more massive interlopers. Using numerical simulations, the authors describe a mechanism they term "resonant strip-ping" that can strip dwarf disk galaxies of their stars. The mechanism occurs for prograde encounters with large mass ratios of order ∼ 10-100. Resonant stripping happens when the spin and orbital frequencies are comparable. This pulls the gas and stars out of the galaxy, since they comprise the disk, whereas the DM is not affected since it is pressuresupported and has no spin frequency.
Several authors have pointed out that the observed populations of GCs in NGC 1052-DF2 and NGC 1052-DF4 are both peculiar. For example, these galaxies lie well off the previously reported relation between the total GC mass in galaxies and the total mass of their DM halos (Choksi & Gnedin 2018) . Figure 1 shows a comparison between these two GC populations and the Milky Way (MW) GC population. First, even though the MW is much more massive and also more extended than either NGC1052-DF2 or NGC1054-DF4, we see that the latter galaxies have more very bright/massive GCs when compared to the MW's GCs. Second, the nearest giant elliptical galaxy to the MW, namely NGC 5128 (i.e., Centaurus A), is home to a population of GCs whose mass function is similar to that of the M31 GC system but with a larger mean GC mass (and also mean mass-to-light ratio), and indistinguishable from the MW's GC system (due mostly to the much smaller sample size in the MW compared to NGC 5128) (e.g. Taylor et al. 2015) . The GC populations in NGC 1052-DF2 and NGC 1052-DF4 are therefore outliers in previously reported studies looking at, for example, GC mass functions and GC specific frequencies in different types of galaxies (e.g. Harris, Gretchen & Alessi 2013; Harris 2016) . Additionally, the GCs in NGC1052-DF2 and NGC1052-DF4 are significantly more concentrated at small (projected) galactocentric distances compared to the brightest GCs in the sample from Harris (1996 Harris ( , 2010 .
In this paper, we consider the possible origins of the ultra-diffuse DM-free galaxies NGC 1052-DF4 and NGC 1052-DF2, as well as their currently observed properties. We focus on scenarios where each of these galaxies at some point experienced a strong interaction with a more massive nearby galaxy (e.g., NGC 1052), which could have stripped them of their DM (D'Onghia et al. 2009 ). First, we compute numerically the mass, density and velocity dispersion profiles of both NGC 1052-DF2 and NGC 1052-DF4. These are used to compute the radial profiles of the DF timescales in both galaxies for a typical GC with a mass of 10 6 M . Second, we calculate the dynamical friction timescales for all GCs reported in Van Dokkum et al. (2018b) and Van Dokkum et al. (2019) , and compare them to a Hubble time. If a computed DF timescale is much shorter than a Hubble time, then they could not have formed there. This could perhaps be used as evidence to argue for significant collisional evolution for these GC populations occurring some time after the hypothetical strong interactions. Our methods and results are presented in Section 2. In Section 3, we discuss the implications of our results for understanding the origins of DM-free galaxies and their GC populations, and make predictions for the observed properties of future discoveries in this new class of galaxies. Finally, we conclude in Section 4. Figure 1 . The integrated V-band magnitudes for the Milky Way GC population (shown by the black crosses) are plotted against their Galactocentric distances, using all available data in Harris (1996 Harris ( , 2010 . For comparison, we also plot the same observed quantities for the GCs in NGC1052-DF2 (red open circles) and NGC1052-DF4 (blue open circles).
CALCULATIONS
In this section, we compute numerically the mass, density and velocity dispersion profiles of both NGC 1052-DF2 and NGC 1052-DF4. These are used to compute the radial profiles of the DF timescales in both galaxies for a typical GC with a mass of 10 6 M . We also calculate the dynamical friction timescales for all GCs reported in Van Dokkum et al. (2018b) and Van Dokkum et al. (2019) and compare these to a Hubble time.
Mass, density and velocity dispersion profiles
In order to calculate the density and velocity dispersion profiles, we must first calculate the mass enclosed within radius r. This requires obtaining the free parameters in the fitting functions from previous observational studies focused on the two galaxies in our sample. Cohen et al. (2018) fit the surface brightness profile of the dwarf spheroidal galaxy NGC 1052-DF4 using a Sersic model. The authors adopt a Sersic index of n = 0.79, a central surface brightness of µ(V606,0 = 23.7 and a major axis half-light radius of Re = 1.6 kpc, and assume a distance to the galaxy of D = 20 Mpc.
We perform an analogous calculation for NFC 1052-DF2. Cohen et al. (2018) also fit the surface brightness profile of the dwarf spheroidal galaxy NGC 1052-DF2 using a Sersic model with a Sersic index of n = 0.55, a central surface brightness of µ(V606,0 = 24.2 and a (major-axis) half-light radius of Re = 1.8 kpc, and assume a distance to the galaxy of D = 20 Mpc.
To calculate the mass profiles for both galaxies, we adopt Equation A2 for the enclosed mass M(r) from Terzic & Graham (2005) :
where γ is the incomplete gamma function, and the dimensionless variable is defined as:
and, after a little math:
Υ0Ieb n(1−p) .
Finally, the mass-to-light ratio for an old stellar population is typically Υ0 = M/L ∼ 2 M /L , and the variable p can be approximated by the relation:
For n = 0.79, Equation 4 reduces to p = 0.3163. From Equation 1, the radial stellar density profile can be calculated trivially as:
Finally, the radial velocity dispersion profile is computed using Equation A5 in Terzic & Graham (2005) . The term dynamical friction, in its original form, refers to the gravitational focusing of particles into a wake by a massive perturber as it travels through a homogeneous background medium of constant density (Chandrasekhar 1943) . As applied to GCs orbiting in the potentials of their host galaxy (Tremaine, Ostriker & Spitzer 1975) , this generates a damping force due to the gravitational tug of the trailing wake, and ultimately removes energy and angular momentum from the GC's orbit, causing it to (eventually) spiral into the host galaxy's centre of mass. The timescale for dynamical friction to operate is given (approximately) by (Binney & Tremaine 1987) :
where M gal (r) and σ(r) are, respectively, the enclosed galaxy mass and the stellar velocity dispersion at a distance r from the centre of mass of the galaxy, mGC is the mass of the orbiting GC and ln Λ is the Coulomb logarithm. The radial dependences of the host galaxy enclosed masses, densities and velocity dispersions are shown in Figure 2. We also show the DF timescales as a function of distance from the centre of mass of the host galaxy using Equation 6, for a hypothetical GC with total mass mGC = 10 6 M . The dashed lines in the top panel show the corrected DF timescales assuming eccentric orbits. Specifically, we multiply the DF timescales by the minimum and maximum correction factors provided in Gnedin, Ostriker & Tremaine (2014) , which are 0.39 and 0.76, respectively (see Section 3.1). More eccentric orbits reduce the DF timescale at a given galactocentric distance.
Interestingly, the velocity dispersion peaks very close to the observed projected galactocentric distances of many GCs in both NGC 1052-DF2 and NGC 1052-DF4, and declines rapidly on either side of this peak. We caution, however, that the peaks of our velocity distributions, in particular for NGC 1052-DF2, are lower than that reported in Van Figure 2 . From bottom to top, each panel shows the radial dependence of, respectively, the enclosed mass M gal (r), the mass density ρ(r), the stellar velocity dispersion σ(r) and the DF timescale τ df for a hypothetical GC with total mass m GC = 10 6 M and assuming for the Coulomb logarithm ln Λ = 6, for the galaxies NGC 1052-DF4 (black) and NGC 1052-DF2 (red). The dashed lines in the top panel show how the DF timescales are expected to change assuming eccentric orbits, adopting the minimum and maximum correction factors provided in Gnedin, Ostriker & Tremaine (2014) (see text for more details). Dokkum et al. (2018b) by a factor of a few. This could translate into mildly lower DF timescales for this galaxy than expected from the velocity measurements of Van Dokkum et al. (2018b) . This should be accounted for when trying to infer the true DF timescales. However, these analytic estimates are at best approximations (see the next section). In spite of this, our basic conclusions are consistent with those of Dutta Chowdhury, van den Bosch & van Dokkum (2019) and Nusser (2018).
Dynamical friction timescales for individual GCs
In this section, we compute DF timescales for all seven and ten GCs orbiting within, respectively, the galaxies NGC 
DISCUSSION
In this paper, we consider the origins of the recently discovered ultra-diffuse DM-free galaxies NGC 1052-DF2 and NGC1052-DF4. We apply our results to two different scenarios to account for the observed GC properties, both involving a prior strong interaction with a more massive galaxy that stripped the host galaxies of their DM. These are: (1) The progenitors of NGC 1052-DF2 and NGC 1052-DF4 either had no massive GCs prior to the interaction, such that the interaction triggered the formation of the observed massive GCs; or (2) the progenitors had a substantial GC population, and the interaction significantly perturbed their orbits, causing them to become highly eccentric and possibly ejecting loosely bound GCs (which either become free-floating or end up gravitationally bound to the more massive interloping galaxy). Below, we attempt to answer the question: do we believe the currently observed GC positions in their respective host galaxy? We go on to consider the implications of our results for the two scenarios described above, and provide predictions if more members of this new class of ultra-diffuse DM-free galaxies (within the context of each hypothetical scenario). But first, we briefly discuss the implications of such a strong interaction on the observed properties of the host galaxy, as well as the feasibility of such an event having actually occurred in the recent past.
As shown in D'Onghia et al. (2009), a close interaction between two galaxies with a large mass ratio between them could strip them of their DM content. However, it has been shown (e.g. Nusser 2019) that, when this occurs, the leftover stars and gas comprising the galaxy more or less retain the velocity dispersion of their much more massive progenitor. Thus, immediately after the interaction, DM-stripped galaxies should be highly super-virial, and will expand by the virial theorem. Re-virialization should occur on a crossing time, which for NGC 1052-DF4 happens to currently be ∼ 0.2 Gyr within the half-light radius, assuming a half-light radius of 1.6 kpc and a stellar velocity dispersion of 7 km s −1 (Van Dokkum et al. 2019) (and NGC 1052-DF2 therefore has a similar cross time, given the similar properties of these two galaxies). If the progenitor galaxies were initially more compact than is currently observed, then this would only reduce the crossing time, which is already comparable to the shortest DF timescale for our sample of GCs, at least in NGC 1052-DF4. It therefore seems likely that any such stripping event would produce a remnant galaxy that should expand. This could contribute to, and perhaps even entirely accounting for, their observed ultra-diffuse state.
Is it plausible that both NGC 1052-DF2 and NGC1052-DF4 experienced a recent close interaction with another galaxy in the NGC 1052 group? Van Dokkum et al. (2018a) showed that NGC 1052-DF2 could certainly have recently experienced a close interaction with the most massive galaxy in the group, namely NGC 1052, given their very close proximity in projection. NGC 1052-DF4 lies roughly a factor of two further from NGC 1052 in projection, relative to NGC 1052-DF4. Hence, it is also entirely plausible that it too experienced a close interaction with NGC 1052 in the recent past. For NGC 1052-DF4, however, another galaxy lies even closer to it in projection. This is NGC 1035, which lies at a projected distance of 23 kpc from NGC 1052-DF4 and has a relative velocity of 204 km s −1 . Assuming a relative velocity at infinity of 110 km s −1 (Cohen et al. 2018) , which is equal to the observed line-of-sight velocity dispersion in the NGC 1052 group, and the minimum possible 3D distance of 23 kpc, we compute an interaction time of only ∼ 0.02 Gyr, which is roughly an order of magnitude less than our inferred upper limit from the GC DF timescales (see Figure 3) for the time since a close interaction between NGC 1052-DF4 and another galaxy in the NGC 1052 group must have occurred. Hence it is entirely feasible, but by no means guaranteed, that NGC 1052-DF4 very recently had a close interaction with NGC 1035. We conclude that the proposed scenario for stripping both NGC 1052-DF2 and NGC 1052-DF4 of their DM, namely a recent close interaction with a nearby more massive galaxy, is entirely plausible.
How much do we believe the currently observed GC galactocentric distances?
We caution that our computed DF timescales should come along with significant uncertainty, stemming mostly from the GCs' true or 3D distances from their host galaxy centre of mass, which are not known and could be larger than their observed projected galactocentric distances (although, as discussed in Nusser (2018) , this simple analytic calculation also suffers from issues related to, for example, a more complicated galaxy mass profile than is represented by our analytic approximations). Is it possible that the eccentricities of the observed GCs are non-negligible? If so, this could yield DF timescales shorter than we find by assuming that they are on circular orbits. To include the effect of the eccentricity, we consider a reduced DF timescale:
where J/Jc(E) is the ratio of the orbital angular momentum to its maximum value for a given energy E. The values of the exponent given in the literature range from α ≈ 0.4 (Colpi et al. 1999 ) to α ≈ 0.8 (Lacey & Cole 1993) .
To quantify this effect, we use a Monte Carlo approach. In our calculation, we assume that the ratio J/Jc(E) is uniformly distributed for the GC population under consideration. We sample J/Jc(E) for 10 4 realizations and compute the typical DF timescale in Eq. 7. We find that the number of GCs expected to have τ df,ecc < 10 10 yr remains constant both for NGC 1052-DF2 and NGC 1052-DF4. Thus, the (unknown) eccentricities of the observed GCs do not significantly affect their DF timescales.
Finally, we attempt to quantify the possible importance of projection effects. Specifically, could any of the GCs (especially the three with τ df < τ Hubble in Figure 3 ) have true 3D galactocentric distances much larger than their observed projected distances? If so, this is important, since it would give rise to an artificially short DF timescale for some GCs. To address this possibility, we assume that the true distance rtrue from the centre of mass of the host galaxy is related to the observed distance r obs by:
where θ is the angle between the true vector and the projected vector. We then sample cos θ uniformly for 10 4 re-alizations, compute rtrue and τ df via Eq. 6. In the case of NGC 1052-DF2, we find that the probability for GC 77 to still have τ df less than a Hubble time is ∼ 56%. In the case of NGC 1052-DF4, the probability to have two or one GCs with τ df less than a Hubble time is ∼ 43% and ∼ 47%, respectively. Thus, neither non-zero eccentricities for the observed GCs or projection affects should significantly affect any of our conclusions.
Implications from different interaction scenarios
In this section, we consider how the observed properties of NGC 1052-DF2 and NGC 1052-DF4, as well as of their observed GC populations, should change for different interaction scenarios, given our hypothesis of a strong galaxygalaxy interaction having occurred in the some time in the past. We consider two different scenarios: (1) The progenitors of NGC 1052-DF2 and NGC 1052-DF4 either had no massive GCs prior to the interaction, and the interaction triggered the formation of the observed massive GCs; or (2) the progenitors had substantial GC populations initially, which were significantly perturbed during the interaction.
Scenario 1: Did the galaxy-galaxy interactions cause the formation of the observed massive GCs?
In this scenario, we assume that the progenitors of NGC 1052-DF2 and NGC 1052-DF4 were initially hosts to significant mass in gas rotating with their stars. During the interaction, this gas would have been pulled along with the stars, given their comparable orbits and the orientation of the interaction. If it were to collect at the bottom of the potential well of the remnant galaxy, the gas densities could become sufficiently high to trigger GC formation in knots along large-scale filaments. This scenario immediately predicts stellar ages for the constituents of the GCs observed in NGC 1052-DF2 and NGC 1052-DF4, that are commensurate with the time since the strong interaction occurred. Hence, naively, this could predict younger (and hence bluer) GCs relative to stars in the field of their host galaxy (and also relative to the GCs described in the below scenario). Said another way, the minimum DF timescale of all ten/seven GCs in NGC 1052-DF2/NGC 1052-DF4 can be used to put a constraint on the minimum time ago the interactions must have occurred. For NGC 1052-DF2 and NGC 1052-DF4, these minimum times would be, respectively, ∼ 7 Gyr and ∼ 1 Gyr. 1 Finally, if the progenitors had significant gas disks that mostly retained their initial angular momentum vectors, then this scenario might naively predict that the GCs in NGC 1052-DF2 and NGC 1052-DF4 could show some degree of orbital anisotropy (i.e., somewhat aligned final orbital angular momentum vectors). Of course, to what degree this should be true depends on the details of the interaction, the distribution of GC masses and velocities at the time of the formation, etc. It also ignores subsequent GC-GC interactions post galaxy-galaxy encounter, which would tend to push a GC system toward having a more isotropic orbital velocity distribution.
We close this section with a brief review of its predictions:
• The observed GCs should be younger than the stars comprising their host galaxy. Their integrated colours should thus be bluer than that of the host.
• The distribution of (3D) GC velocities could show evidence of orbital anisotropy, assuming GC-GC interactions have not had sufficient time to erase this signature and evolve the distribution more toward isotropy.
• If indeed some GCs have present-day DF timescales that are much shorter than a Hubble time, the shortest of these can be used to constrain the time since the hypothetical galaxy-galaxy interaction occurred, needed to strip the host of its DM. This can be converted in to a volume centred on each galaxy within which the more massive perturbing galaxy should reside.
Scenario 2: Did the galaxy-galaxy interactions significantly perturb pre-existing GC orbits?
If the progenitors of NGC 1052-DF2 and NGC 1052-DF4 both had substantial GC populations before the interaction, the tidal force from the massive perturber could unbind GCs or, if they remain bound, perturb them on to highly eccentric orbits. This could predict free-floating GCs somewhere nearby in the sky that are not bound to any galaxy and/or the interloping massive galaxy (e.g., NGC 1052) will have accreted GCs from other galaxies, such as NGC 1052-DF2 and NGC 1052-DF4, which could perhaps be identified if significant age, chemical, etc. differences happen to exist between the native and accreted GCs. However, if the interaction happened sufficiently far in the past, these free-floating GCs may have had sufficient travel time to have become difficult, if not impossible, to identify observationally. It is possible that the observed GCs in both NGC 1052-DF2 and NGC 1052-DF4 began much further out in their host galaxy potential, and have simply been caught in the act of spiraling inward due to DF. This was recently proposed by Dutta Chowdhury, van den Bosch & van Dokkum (2019), who use a suite of 50 multi-GC N-body models to follow the orbital decay of the GCs. They find that over ∼ 10 Gyr many GCs experience significant orbital decay due to DF, whereas others evolve much less. In their simulations, they find that a combination of reduced DF in the galaxy core and GC-GC scattering keeps the GCs buoyant in their host galaxy potential, such that they have not yet sunk to its centre. The authors conclude that if NGC 1052-DF2 is indeed devoid of DM, then at least some of its GCs must have formed further out before spiraling in to their current locations, and that the GC system was likely more extended in the past. Nusser (2018) used a similar approach to study DF in NGC 1052-DF2 using N-body simulations, and found much the same thing, but with the added correction that in some simulation realizations GCs do decay all the way to the centre of their host galaxy. Both of the conclusions arrived at in these papers via more detailed N-body simulations are consistent with the overall results reported in this paper.
Additionally, if Van Dokkum et al. (2019) indeed caught one out of seven GCs in NGC 1052-DF4 at the end of its spiral-in phase (see Figure 3 ), then why have no other GCs already spiraled in to the nucleus? Provided the true DF timescales for these three GCs are close to our calculations, the lack of a central NSC is indeed puzzling. If other DMfree galaxies are identified in the NGC 1052 group (or any other), the probability that they will host a central NSC could be high, produced by DF of GCs formed or perturbed onto orbits deeper in the host galaxy potential during the close galaxy-galaxy interaction presumed to have stripped its host of its DM.
Indeed, the observational results of Graham & Spitler (2009) , comparing super-massive black hole (SMBH) and NSC masses as a function of their host galaxy mass, suggest that both NGC 1052-DF2 and NGC 1052-DF4 are of sufficiently low mass that their central regions should be dominated by an NSC (if a central massive object, either NSC or SMBH, is present at all), rather than an SMBH. And yet, close inspection of Figure 1 in Van Dokkum et al. (2019) suggests that no central nuclear star cluster (NSC) is present in either NGC 1052-DF2 and NGC 1052-DF4. Alternatively, the lack of a central NSC could be pointing toward a stalling of DF as GCs reach the centre of their host galaxy, either due to GC-GC interactions, the inclusion of a radial-dependence to the Coulomb logarithm, etc. (see Dutta Chowdhury, van den Bosch & van Dokkum (2019) for more details).
Finally, this scenario predicts, naively, an orbital isotropy distribution (i.e., randomly aligned angular momentum vectors) for the observed GCs orbiting in NGC 1052-DF2 and NGC 1052-DF4. This is in stark contrast to the analogous prediction above for Scenario 1. Subsequent GC-GC interactions should not change this basic prediction.
• The observed GCs should have roughly the same age as the stars comprising their host galaxy. Their integrated colours, corresponding to old stellar populations, should thus be very similar to that of their host.
• The distribution of (3D) GC velocities should be close to isotropic.
• The most tenuously bound GCs in the galaxy progenitors could have been stripped or accreted on to the more massive interloping galaxy (e.g., NGC 1052). This could predict non-native GCs in the (hypothetical) more massive perturbing galaxy that were accreted during the interaction. Alternatively, it could predict free-floating GCs lingering as debris in the vicinity of each galaxy post-interaction. The observability of such free-floating GCs is, however, likely to be very sensitive to exactly when the hypothetical galaxygalaxy interaction occurred. If our computed DF timescales are accurate, identifying these free-floating galaxies should be most probable for NGC 1052-DF4, given its much shorter constraint on the time since the interaction occurred. That is, any free-floating GCs produced would only have a travel time of ∼ 1 Gyr.
• Any GCs that remain bound to their host galaxy would likely be perturbed on to highly eccentric orbits during the interaction, or even delivered deeper in to their host galaxy potential. In such a scenario, it could be quite natural for these eccentric GC orbits to rapidly circularize, stalling at roughly their currently observed positions. This is because more eccentric GC orbits correspond to shorter DF timescales (Gnedin, Ostriker & Tremaine 2014) . This could also help to account for the curious result that the GCs in NGC1052-DF2 and NGC1052-DF4 tend to be more centrally concentrated than the MW GCs, and why we do not see any bright GCs at much larger galactocentric distances.
GC-GC collisions
If the computed DF timescales in Table 1 are taken at face value, this suggests that even if these GCs began further out in their host galaxy potentials and migrated in to their currently observed galactocentric distances, we have been fortuitous to have caught GC 2239 in NGC 1052-DF4 just before inspiral in to the nucleus. The same is true, albeit to much less of a degree, for the GC 91 in NGC 1052-DF2. This is strengthened by the fact that in this paper we extend earlier analyses to include two ultra-diffuse DM galaxies (and could be tested even more effectively if additional DM-free galaxies are discovered), rendering the probability of catching them at this critical stage in both galaxies low.
As suggested by Dutta Chowdhury, van den Bosch & van Dokkum (2019), GC-GC interactions could help to impede dynamical friction, continually stirring the centrally concentrated GC population and preventing them from falling in to the very centre of their host galaxy. Both Nusser (2018) and Dutta Chowdhury, van den Bosch & van Dokkum (2019) do find in their N-body simulations that such strong GC-GC interactions do occur frequently and that this could indeed contribute to slowing the rate of DF. Here we ask: What about direct GC-GC collisions?
To address this question, we compute the mean GC-GC interaction times corresponding to direct collisions between GCs. To do this, we use Equation A9 in Leigh & Sills (2011) . For the size or volume of the region of interest, we adopt the maximum galactocentric distance observed for all GCs in each galaxy (i.e., we set rc in Equation A9 to 7.55 kpc in NGC 1052-DF2 and 7.01 kpc in NGC 1052-DF4; see Table 1 ). It is then straight-forward to compute a GC number density for each galaxy within this volume, by adopting 7 and 10 GCs for, respectively, NGC 1052-DF4 and NGC 1052-DF2 for the total number of GCs inside this volume. For the velocity dispersions of the GC populations within these volumes, we take the likelihood values of 3.2 km s −1 and 3.8 km s −1 for, respectively, NGC 1052-DF2 (Van Dokkum et al. 2018b ) and NGC 1052 -DF4 (Van Dokkum et al. 2019 ). Using the indicated GC masses in Table 1 we calculate an average GC mass for each galaxy, and adopt a typical GC size of 20 pc for both galaxies (motivated by a measured mean GC half-light radius of 6.5 ± 0.5 pc in NGC 1052-DF2 by Van Dokkum et al. (2018b) ). With these parameters, we compute mean GC-GC interaction times corresponding to direct collisions of 460 Gyr and 730 Gyr for, respectively, NGC 1052-DF2 and NGC 1052-DF4. Over a period of 10 Gyr, this implies collision probabilities of only a few percent. Importantly, the above simple calculations neglect any evolution of the GC populations -i.e., it assumes that what we see now for the GC populations is what has always been there. If the number density of GCs had been higher by a factor of 10 in the past , see e.g.), then the interaction rates would increase by a factor of 100. This would result in a number of direct GC-GC collisions within a 10 Gyr period, while likely also ejecting even more GCs from their host galaxy due to strong interactions.
To better quantify the above, we set the GC-GC collision times equal to 1, 2 and 3 Gyr, and solve for both the critical number density and the critical number of GCs within the above volumes required for a single GC-GC collision to occur within these times. This is shown in Figure 4 . The upper panel of Figure 4 shows that of order ∼ 100 GCs are needed in this volume to have a single GC-GC collision within 1 Gyr (see the solid black and red lines). This implies that, assuming mean GC masses of 2.5 × 10 5 M and 1.3 × 10 5 M for, respectively, NGC 1052-DF2 and NGC 1052-DF4, 10 and 7 GC-GC collisions (i.e., corresponding to the observed number of bright GCs in each galaxy) would happen within 10 Gyr and 7 Gyr, respectively.
We conclude that it is within the realm of possibility that the observed bright GCs in these two ultra-diffuse galaxies actually formed via direct GC-GC collisions. Given such high collision rates, we would also expect many more strong interactions without collisions (i.e., at larger impact parameters), which would contribute to preferentially ejecting the lowest mass GCs from their host galaxies and robbing the more massive GCs of orbital energy and angular momentum, causing them to sink deeper in their host galaxy potentials. This could certainly help to account for the observed unusually high masses and small galactocentric radii, relative to the MW GC population (see Figure 1) .
The above collisional scenario for the origins of the bright centrally concentrated GCs observed in NGC 1052-DF2 and NGC 1052-DF4 can also be used to infer predictions for this proposed channel to account for their observed properties:
• Relative to galaxies where GC-GC collisions are not expected to happen, this predicts a top-heavy GC mass function, with the brightest and hence most massive GCs residing at small galactocentric distances. This last effect should be enhanced via the fact that direct GC-GC collisions dissipate both orbital energy and angular momentum, causing the collision products to fall even deeper in to the host galaxy potential.
• Such elevated collision rates must be accompanied by much higher rates of strong GC-GC scatterings (but without collisions), most likely ejecting the least massive GCs from their host galaxies. Again, these interactions would dissipate both orbital energy and angular momentum from preferentially more massive GCs, causing them to fall even deeper in to the host galaxy potential. Thus, this scenario predicts a non-negligible population of free-floating GCs in the halos (or beyond) of NGC 1052-DF2 and NGC 1052-DF4.
• The GCs should have ages more or less consistent with those of their host galaxy.
• More work needs to be done to better understand whether or not this scenario should predict central NSCs in these galaxies. However, unlike the DF scenarios, it is not immediately obvious why GC-GC collisions would produce a central NSC.
SUMMARY
In this paper, we propose a dynamical scenario to explain the origins of the DM-free nature of the ultra-diffuse galaxies NGC 1052-DF4 and NGC 1052-DF2, namely a close interaction with another galaxy in the same group some time in the past. The encounter is hypothesized to have both stripped NGC 1052-DF2/NGC 1052-DF4 of their DM halos and either fundamentally altered the orbits of their GCs or triggered their formation.
We calculate the DF timescales for infall to the central nucleus for the GCs in both galaxies. We find that two out of ten GCs in NGC 1052-DF2 and one out of seven in NGC 1052-DF4 have DF timescales less than a Hubble time. For each galaxy, we go on to calculate the critical number of GCs and the critical GC number density needed for a given number of direct GC-GC interactions/collisions to have occurred within a given period of time.
Our results are most consistent with the orbits of the GCs having been significantly perturbed via the interactions, pushing most GCs on to highly eccentric orbits and/or delivering them deeper in their host galactic potential, triggering significant collisional evolution. If correct, these would be the first GC populations discovered to date to have experienced significant collisional evolution some time after their initial formation, ejecting preferentially low-mass GCs from their host and possibly resulting in some direct GC-GC collisions. This would contribute both to the observed topheavy GC mass functions and their centrally concentrated galactocentric distances, and should be confirmed via more detailed N-body simulations in future work. Our proposed scenario makes several potentially observationally-testable predictions that we have presented and discussed.
